1302 ©

oJljeD

.

Bojouyos) Jo opnyisU] el

&~

L

3 él"'pefipej)\/\c')'uxoe diysiosuods JUsLIUIBAO

“.'Q’."

" Driatarina “Dida’ Markovié, 04.02.2021, a




04.02.2021, at RAeS Hamburg (on Zoom)

Dr Dida Markovi¢: Cosmology in Space,

e scientist at NASA’s Jet Propulsion Laboratory in Pasadena, CA

e PhD at LMU in Munich
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* cosmologist working on:

e preparations for the Euclid Space Telescope science

* and the Nancy Grace Roman Space Telescope science
* independent science projects studying dark energy

* (sometimes) on projects that intersect art and science

Image credit: Milan Kreuschitz-Markovi¢
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Dr Dida Markovi¢: Cosmology in Space,
[ ]

Cosmology in Space
This talk

cosmology = a branch of astronomy
that studies the universe as its
sub ject

some astronomy basics
a bit of history

quite a bit on the science
a space telescope

focus:

* dark energy

* Euclid space telescope
level:

* some basic concepts
 some advanced concepts
* it will fluctuate

Satellite: Herschel and Planck
Copyright: ESA-CNES-Arianespace / Photo Optique Video CSG
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Image credit: ALMA Observatory, Y. Beletsky (LCO)/ESO
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Image credit: NASA, ESA, the Hubble Heritage Team (STScl/AURA), and R. Gendler (for the Hubble Heritage Team)
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The Electromagnetic Spectrum

04.02.2021, at RAeS Hamburg (on Zoom)

Visible light

Infra-red

Ultraviolet (UV)

Microwaves
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Radiowaves « Gamma-rays

Waelength

Energy

Dr Dida Markovi¢: Cosmology in Space,
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Cosmology in Space,

¢

Dr Dida Markovi

Microwaves

>

Radiowaves.

|

Visible light

y ]

L 3
(A
e

VRS 2
_Gamma-rays ..,

Y

“Image credit

. caveman



The Electromagnetic Spectrum

04.02.2021, at RAeS Hamburg (on Zoom)
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]

Infra-red

< = Microwaves

Dr Dida Markovi¢: Cosmology in Space,

Radiowaves . Gamma-rays

Image Credit: ESA/NASA
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The Electromagnetic Spectrum
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The Electromagnetic Spectrum
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The Electromagnetic Spectrum
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04.02.2021, at RAeS Hamburg (on Zoom)

Cosmology in Space,

Dr Dida Markovic

Seeing the Invisible:
The Sun

Infra-red
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04.02.2021, at RAeS Hamburg (on Zoom)

Cosmology in Space,

ic

Dr Dida Markovi

Seeing the Invisible:
The Milky Way
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Credit: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO
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Image credit: HI4PI Collaboration & LAMBDA
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invisible?

Visible light

Want to see the
Go to space!

|
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COSMIC OBSERVERS Eesa

04.02.2021, at RAeS Hamburg (on Zoom)

CONCEPTS theseus L]
3 einstein ; ) I~ ]|
IN DEVELOPMENT webb ariel roman euclid plato xrism probe athena lisa | |
(2021)  (2028)  (2020s) (2022 (2026) (2021) (2022) (2031) | (2038) |

° . ° ° L] . e © ,

@ > ;

: 5 : xmm- |
ACTIVE z . - hubble gaia cheops i newton integral [ |
: : : : (1990-) (2013-)  (2019-) (1999-) , (2002-) [

E ‘ \
1 ‘ ‘
microwaves
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X-rays gamma rays \ ‘fgr“a\Iitational
| | ‘wavies ‘ \ | ‘

‘ Lty [ ‘ | [

} ‘ 1 l ‘ Y |
|| | || |
‘ | ‘ | | “ || |
[ [ ‘

LEGACY planck herschel iso akari hipparcos corot iue exosat hitomi suzaku cos-b lisa pathfinder microscope

(2009-2013) (2009-2013) (1995-1998) (2006-2011) (1989-1993) (2006-2014) (1978-1996) (1983-1986) (2016) (2005-2015) (1975-1982) (2015-2017) | | (2016-2018)

Dr Dida Markovi¢: Cosmology in Space,

https://sci.esa.int/web/home/-/61106-esa-s-fleet-of-cosmic-observers
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Cosmology in Space,

Dr Dida Markovic¢
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Cosmology in Space,

ic

Dr Dida Markovi
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Credit: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO



“Extragalactic nebulae”

04.02.2021, at RAeS Hamburg (on Zoom)

N.G.C. 221 Velocity — 300 km
%gg t - 300 These nebulae are on
he south side of the
1023 + 200 roughly [ o
» 1068 + 1100 Milky Way.
- 7331 -+ 300 roughly
3031 "+ small
3115 + 400 roughly
3627 -+ 500
4565 -+ 1000 These are on the
4594 + 1100 north side of the
4736 -+ 200 roughly Milky Way
P 4826 - small
. 5194 = small
Levitt’s Law *

SLiPher, 1912:
Spec&rograyhic
observations of nebulae

00 02 04 05 08 10 12 14 16
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logarithm of the Cepheid’s period

1912-1918%

Dr Dida Markovi¢: Cosmology in Space,

Images from Wikipedia (public domain) and Astronomy magazine.



Galactic Spectra

stars and gas emit
spectral lines,

04.02.2021, at RAeS Hamburg (on Zoom)

atmosph,eres', gas and
dust-absorb lines

* »
.
»
.
- .
CORARNRL
)
%
g8 .
s -
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Geometry and Matter

Einstein’s Field Equations

d Poisson equation: A¢y = 47Gp

04.02.2021, at RAeS Hamburg (on Zoom)

d Einstein’s first attempt - Ricci tensor R, =g b (since R, = 0 in a vacuum), but VaRab # 0!

L ke

R L e 376G 4D mekbric
3 Einstein’s second attempt - Einstein tensor G, = R ;, — Egaé =

b
c4 ¢

‘pabpajmouoe diysiosuods juswiuianor) "“ABojouyos] Jo a1nIsu| BlUJOHRD 202 ©

C4 § volume
3 Einstein-Hilbert action: Sgyy = 162G [R — gd*x(Riemann curvature tensor, ijc)

T \ /,.rf“

N
> FLRW metric: ( C}Mtv 1 uhldnowin ‘FMM@%&OM!
4 dr?
ds® = — dt* + a(t)? | ——— + r?dQ?
1 —kr?

@  geta(r), p;and p;

1918

Dr Dida Markovi¢: Cosmology in Space,

Image: Official 1921 Nobel Prize in Physics photograph



The Cosmological Constant

Einstein’s “biggest blunder”

15t Friedmainin

H(py? — a(*  8zG o + Ac® ke?
a3 7 3 a2

04.02.2021, at RAeS Hamburg (on Zoom)
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deceleration

parameter q() - a(t)H(t)Z

T d(n 4G
a(t) 3 |
Z-M“d = | E,Qdm&&\&\ K\w_ no curvature!

3p() ] Ac?
+

1917-1922

Dr Dida Markovi¢: Cosmology in Space,

Image: Official 1921 Nobel Prize in Physics photograph



The Expanding Universe

Hubble, 1929:

A relation between
distance and
radial ve‘.i.oci,&j

04.02.2021, at RAeS Hamburg (on Zoom)

among extra-
galactic nebulae
holds for small v and 4
(mon-relakivistic)

>
e
-
>

0 °PARSECS 2210© PARSECS

‘pabpajmouoe diysiosuods juswiuianor) “ABBJOUYDa] JO 81NHISU| BIUJOHRD 202 ©

. . ) " ) ) j‘obs I +vlc - 4 L/
Hubble and Lemaitre used measurements of recession velocities via redshift, 7 = —l=]— -1 ~—.
G emit 1 —-vlc c
O
©
7]
f= . Hubble got the values pretty wrong, but it was enough to convince the astronomical community that the universe was
> a
2 expanding: 7 = obs _ 1= -1 “an depg,, f
g emit emit €bpie (:j&sm qss::) " ey
8 comoving distance h‘fﬁd fcar thg a
- | dax) _ . e
?‘SJ The Hubble-Lemaitre law, v = d— =ax = Hod, holds at small distances (low redshifts).
g t
©
= 1927-1931
O
&)
a

All images from Wikipedia (public domain).
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Galaxies have dark haloes

Galaxy rotation curves:
e spectra of emission regions in galaxy

e redshift to get velocity

04.02.2021, at RAeS Hamburg (on Zoom)

e stars on outskirts orbit too quickly for mass we see

Gataxv rotaktion curves
Rubin et al. 197%

350f So noC 4594

'> \ / sp NGC . — == : P E
| //\;\Sﬂﬁﬁﬁ‘i{z e =
/ N - —
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Sbe NGC 3145 : -
250L/ ’/ — DX NGC 345 | . L :

~Sbc NGC 1620

NGC T664  Vera Rubin operating the 2.1-meker telescope
o EEEE at Kitk Pealk Natiownal Observo&orj

ROTATIONAL VELOCITY (km s~

*

|
l __J
20 25

10 15

DISTANCE FROM NUCLEUS (kpc)

.

Andromeda Gralaxy (M31) in LV

Rubin & Ford, 1970 19?0 *

Dr Dida Markovi¢: Cosmology in Space,

’k Image credit: NOAO/AURA/NSF



Type la Supernovae

‘“standard candles”

04.02.2021, at RAeS Hamburg (on Zoom)
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. in the 30s: SNe to measure distances?
. in the 80s: several groups defined Type la
. to probe cosmology needed:
> larger detectors
> faster telescopes
> new data reduction techniques
. wanted to:
> measure Ho at low z (z<0.1)
> measure qo at high z!

g\

19%8

Dr Dida Markovi¢: Cosmology in Space,

Image credit: STScl
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Dr Dida Markovi¢: Cosmology in Space,

reduces to Hubble’s Law ak swmall z

=
-~
~
-~
v
-
=
9
&
-~
—
v

mag residual

(

\

~

<

D, =c(1+2)

f Calan/Tololo

(Hamuy et al,

A.J. 1996)

¥
>

a
-~
"

0

4%
-
*

e

Supernova

Cosmology

Project

redshift z

(0, 0)

(1,0)
(2,0)

<

199%-1999

jl
J
J
]
_J

Q,,=0.20, Q,=0. soj

Q,=0.20, ©,=0.00

- Q,=1.00, ©,=0.00

J
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The Cosmic Energy Budget

n
. 1st Friedmann equation

04.02.2021, at RAeS Hamburg (on Zoom)

No Big B
H(1)? = 871G 0+ Ac?  ke? 3 M
R ANERTT? Q) =27C Dro
kc? Y {C 0+ Ac? { 3H2 L0 = —27_
a(rPHD?  \3H(1) 3H@? Perig
. write A term as an energy density, assume flatness, neglect radiation
H(z)”
=Q (1+2°+Q, 5 « 3
H? ol +2) M T = (14 2)

[ "z d /
| DL a 4& TJ . (when Qy = 0)
Hol \/Q ol +27)° +HQy o

a
kel
L)
N
to—
0’
L 5
(L
N
o
0
e
0
:
0
U
s
P
9
-
5
v
ﬁm—
-
ur
72y
~”
N
N
N
i
iy
S
e
v
$
V
ol
o)
g
—d
$—
v
.

From constant to Far%&e& fluid with equation of state p = wpc?.
w = —1 is the cosmological constant, w # — 1 is Dark Emerg:j!

Dr Dida Markovi¢: Cosmology in Space,

Added to handout - nok Fresem&ed i leckure,
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Vacuum/zero-point energy?

Added ko handouk - nok Frese_mf&ed in leckure,

om o (107 eV)*
vac (hC)3

A hand-wavy QM “prediction”:

04.02.2021, at RAeS Hamburg (on Zoom)

2
Cosmological observations: A =3Q, [ — )] ~ 107" m

C 1eV=16x10"1]

) 1 m =5.08 ic x 1076 eV~!

, A (2x107eV)t <

p C —_— ~
e 3G (hc)’
. Pvac £123
S T . F ~ |
The worst fine-tuning problem in physics: o~ 105
vac heqgative Lab
* A quantum theory of gravity might make better prediction. L/ tests so far

So-far unsuccessful attempts: string theory, loop quantum gravity...

Anthropic principle

Dr Dida Markovi¢: Cosmology in Space,
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Scalar fields

Added ko handout - nok Presen&ecl in leckure,

é:i
A
o
3
QO

“the %Ex&k element”

| B
. quintessence: S = | d4v. /= | —— c
quintessence: S = |d"x\/—g B (Vo)™ — V(o)
P ¢—2V(g)

equation of state: w;, = — = — £ 0= — 1, we recover A
p ¢ + 2V(¢) gw#-1, get dvmo\micat dark eme:rg\j!

— J3(1 ~+ W¢)%] (%3”/

null test: w, # 0 and wy # — 1

04.02.2021, at RAeS Hamburg (on Zoom)

continuity equation: p = p,exp

v

Linder parametrisation: w(a) = wy + w, (1 — a)
P -

—

3(1 —3w, =
B VLQ QDE,O(l + Z) ( +W0+Wa)exp[ Wﬁl+Z:|

 many possibilities: K-essence, tachyon, ghosts, phantoms...

Dr Dida Markovi¢: Cosmology in Space,

] O SINYISU| BlUIOHED | 20cC ©
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04.02.2021, at RAeS Hamburg (on Zoom)

Dr Dida Markovi¢: Cosmology in Space,

Dark Energy or Modified Gravity?

Einstein-Dilaton-

y \ t )
Gauss-Bonnet !

Cascading gravity Conformal gravity

RI“/D_ 1 R/LI/

Horava-Lifschitz

Strings & Branes\ f (G)

Some
DGP degravitation
2T gravity scenarlos IghEI order

/ /
Higher dimensions Non Iocal General RuvRHY,

OR,etc.

Randall-Sundrum | & Il

Kaluza-Klein

Extensions of GR / Vector

. . Elnsteln Aether
Generalisations

of Sen — ' '

TeveS — Add new fields Massive gravity o
Bigravity

Gauss-Bonnet \ -

Scalar-tensor & Brans-Dicke Chern-Simons Tensor

Lovelock gravity|  Ghost condensates Cuscuton EBI'/\
Galileons —__

T
Approaches || ¥CB

‘ | \ _ Coupled Quintessence

Entanglement| \ _ .
Tihdeganswo entropy Horndeski theories Torsion theories

SnG
add to the stuff in the universe: Dark Energy: G, = 1 T+ Ag.,
C

3rG
add to space-time geometry, and modify gravity: G_,+ Ag,, = —4Tab
C

\
Bimetric MOND

‘pabpajmouxoe diysiosuods juswuianor) "ABojouyds] JO 81NIISU| BILIOYIRD 1202 ©
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How are we going to
figure this out?
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Distance-redshift relation

04.02.2021, at RAeS Hamburg (on Zoom)

Need standard(isable) objects:
 standard candles: SNe...
e standard rulers: BAO...

Dr Dida Markovi¢: Cosmology in Space,

O}eD Lc0c ©
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04.02.2021, at RAeS Hamburg (on Zoom)

Dr Dida Markovi¢: Cosmology in Space,

Astronomical distances

-
o AR & JY{;;\,/S‘»:.
"% Pparallax . :"?4\(( Galaxies hosting Distant galaxies in the
_+~ . of Cepheids ¥ o U 5 Cepheids and expanding universe
: i “in the ’ - 7z e Type la hosting Type la
-~ - Milky Way Ty i .supernovae supernovae

2 +

« Vo,
& »
-

»

‘pabpajmouoe diysiosuods juswiuianor) "“ABojouyos] Jo a1nIsu| BlUJOHRD 202 ©

-
AW .

' : / "Eanh ¥ ‘ g ! Light redshifted (stretched) by expansion of space
gy December : 3

0 _LY 10 Thousand - 100 Million Light-years 100 Million — 1 Billion Light-years

Diagram credit: NASA, ESA, A. Feild (STScl), and A. Riess (STScl/JHU)
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A walk down memory
lane...
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Image: NASA/JPL-Caltech/ESA

Cosmic Microwave Background
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04.02.2021, at RAeS Hamburg (on Zoom)

Dr Dida Markovi¢: Cosmology in Space,

Cosmic Microwave Background

Added ko handout - not Fr@semﬁed i lecture.

l Ii il'n!w‘# 4

100 250 500 1000 1500 2000
Multipole

measure of the primordial sound
horizon at z=1100
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3 | | TT,TE,EE+lowE
critical density universe preferred ——  +lensing

Bl (BAO

BUT need too much matter for LSS
and CMB observations if that’s all
there is




Acoustic Bubbles

dark

matter\

04.02.2021, at RAeS Hamburg (on Zoom)

rom physics of
the early universe

photons of light
+ ordinary matter

Dr Dida Markovi¢: Cosmology in Space,
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universe

radius Is known from
physics of the early

Acoustic Bubbles
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1I0NS

A Standard Ruler
Baryon Acoustic Oscillat
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Distance-redshift relation

Added ko handoulk - nok presan&ed i lecture,

< dZ/

comoving distance, D = c[ —— (when k = 0)
0 H(z)

04.02.2021, at RAeS Hamburg (on Zoom)

* Cosmic Distance Ladder: p ' ;
parallax — variable stars (RR Lyrae & Cepheids) — SNe /.

* |nverse Distance Ladder: Ly
CMB sound horizon - BAO -»SNe <« _

Galaxy map 3.8 billion years ago Galaxy map 5.5 billion years ago CMB 13.7 billion years ago

‘pabpajmouoe diysiosuods juswiuianor) "“ABojouyos] Jo a1nIsu| BlUJOHRD 202 ©

« (CMB and SNe independent techniques:
Deuterium abundance (D/H) + BBN theory — baryon density — BAO

anything that is not radiation or dark
(Le. things made of quarks,
sometimes ncludes leptons in t::c:«smc}{ogvj)

Dr Dida Markovi¢: Cosmology in Space,

E.M. Huff, the SDSS-IIl team, and the South Pole Telescope team. Graphic by Zosia Rostomian
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04.02.2021, at RAeS Hamburg (on Zoom)

Dark Matter, Gas, Photon, 0.35 Myrs
z=1140

. 2 probes grawty via the
'»-;,_jjgrowEk of structure s

@
o

(o))
(]

";_fffp:ro'b-és-' ight pathis via
. gravitakional lensing

N
o

i peﬁpewou>1012 ‘dqqSJos.u'oc"if‘s"ihﬂeLuUJergf‘i?KBoigﬁq

4y}
o

Mass Profile of Perturbation

= probes gravity and expansion via
gglaxjtiusﬁar abundances | L
’* S St ' Radius (Mpc)
probes expansion via

. L non-linear late-time Integrated 3 s o0
Sachs—-%‘otafe eﬁm::& aka Qe&s—Smama @fnf@.t& s L

Dr Dida Markovié: Cosmology in Space,

-4\ Euclid Fiagship simulation, 2017




The Hubble Diagram

SDSS MGS
WiggleZ
BOSS Lya
BOSS

6dFGS
Euclid

04.02.2021, at RAeS Hamburg (on Zoom)
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Dr Dida Markovi¢: Cosmology in Space,



Dark matter
RE%
i too much gravity

N

04.02.2021, at RAeS Hamburg (on Zoom)

doesn’t interact

‘pebpsmouoe diysiosuods Juswiuienor) “ABojouyos] Jo 81nyIsu| BIUIOHED 202 O

with light
neither emit
nor reflect
nor absorb Dark enerqgy
6% %
Baryons 9'6 not enough
o gravity??
5% just a name for an
Neuktrinos / unknown
o phenomenon:
(A ¥ accelerated

expansion of
the universe

Dr Dida Markovi¢: Cosmology in Space,

Galaxy image credits: NASA, ESA, and A. Riess (STScl/JHU) and the SHOES team
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04.02.2021, at RAeS Hamburg (on Zoom)

Dr Dida Markovi¢: Cosmology in Space,

Many experiments

* Early days: COBE, SNe surveys

+ 2000s: WMAP, SDSS & BOSS, HST e

‘pabpajmouoe diysiosuods juswiuianor) "“ABojouyos] Jo a1nIsu| BlUJOHRD 202 ©

programs Ry e:
« 2010s: Planck, eBOSS (SDSS),

HETDEX, CFHTLS, KIDS, PFS on

Subaru, DES, DESI, SPT, BINGO, .

MeetKAT, GBT, Pan-STARRS,

VIPERS, VIRGO, LIGO .

* 2020s: Rubin (fka LSST), Euclid,
Roman (fka WFIRST), SKA, CHIME, 08
SPHEREX...

Time Since the Big Bang
(Billions of Years)

* 2030s: LISA...

eBOSS graphic
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Let’s talk about Eucl
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Euclid Space Telescope

* launch: D
> 2022 ol
> Europe’s Spaceport, / :
Kourou, French Guiana

04.02.2021, at RAeS Hamburg (on Zoom)

> Soyuz rocket, [ 4 e
ST 2-1b launch vehicle ~ “°t &)
 transfer phase: \ &
30 days /74
commissioning start Vow, Pk
* orbit:

2nd Lagrangian point (1.5M km away)

Dr Dida Markovi¢: Cosmology in Space,
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04.02.2021, at RAeS Hamburg (on Zoom)

Dr Dida Markovi¢: Cosmology in Space,

Staying in touch

« K-band: downlink
> science & telemetry
> high-rate: up to 73.85 Mbit/s
> vulnerable to weather

 X-band: up- & downlink
> telecommunication & housekeeping
> low-bandwidth: max 26 kbit/s
> works in adverse weather conditions

p = S

e 4

stakion, =

, Cebreros
Argentina  New Noreia antenna,
stakion, spaiin

Australia

ESAs ci@;ep space ankennas

‘pabpajmouoe diysiosuods juswiuianor) "“ABojouyos] Jo a1nIsu| BlUJOHRD 202 ©



04.02.2021, at RAeS Hamburg (on Zoom)

Dr Dida Markovi¢: Cosmology in Space,

Euclid Payload

* Jaunch mass: TELESCOPE:

B3-mirror Korsch

21 OO kg (payload 1.2m aperl‘:u,re

+service module) 24.5m focal Length
d (Airbus Defense and Space)

e nominal mission
lifetime ~ 6 years

Focal PLoMe
compoheh&s:
VIS+NIS?

0.86 deq? FoV
pho&ovoﬂ:aic assembij 7
-

sunshield

(Thales Alenia ‘Space}

service module:
conbkrol + communication

‘pabpajmouoe diysiosuods juswiuianor) "“ABojouyos] Jo a1nIsu| BlUJOHRD 202 ©



Euclid VIS + NISP

the detector instruments

04.02.2021, at RAeS Hamburg (on Zoom)

+ VIS CCDs: built by e2v in the UK, + NISP IR detectors: built
tested at MSSL Teledyne, tested at
JPL+Goddard, USA

Dr Dida Markovi¢: Cosmology in Space,
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mirror

Dichroic

M3 mirror

—
o]
-

—
S

mirror

VIS focal
assembly

Euclid Focal Plane
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Euclid Footprint

N4 N2 2021 at RA~S Hamburg (on Zoom)

Relative Sizes of HSTACS Surveys G ;t

- COSMOS

30’

Detectors 36 4096x4132 16 2040x2040
Pixel size 0.1” 0.3”

Dispersion - 13.4 A/pixel

Dr Dida Markovic: Cosmoloav in Snace
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H. 9. McCracken
and QU-VIS bteam

1.5x109 galaxies

redshifts: 2.0x107 galaxies

Euclid VIS

Sinulakion

N7
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Visible light

ight Camera

Euclid Visible L

N } / ,//,\, ‘
‘ W L . :
@
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arching g_;}aiaxies due
to GRAVITATIONAL
LENSING

’

Visible light

»
-

Euclid Visible Light Camera
@

N
L

’ ¢
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Gravitational Lensing:
Bending Light Paths

Added ko handoulk - nok presem&ed in leckure,

04.02.2021, at RAeS Hamburg (on Zoom)

galaxy
galaxy cluster

lensed galaxy images

—

‘pabpajmouoe diysiosuods juswiuianor) "“ABojouyos] Jo 81nNIsu| BIUJOHRD 202 ©

B |

distorted light-rays

iEarth

Dr Dida Markovi¢: Cosmology in Space,

- Image: NASA/ESA



Strong Gravitational Lensing:
Black Hole Eddition

04.02.2021, at RAeS Hamburg (on Zoom)

“lensed” image of disc ~ disc of infalling materia

invisible black hole

Dr Dida Markovic: Cosmology in Space,

‘pabpajmouoe diysiosuods jusuuianor) "“ABojouyos] JO a1nIsu| BIUJOHRD 202 ©

Animation credit: Entropy project
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Gravitational Lensing

Bending Light Paths

) ,
SR 4

@
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Credit: APS/Alan Stonebraker; galaxy images from STScl/AURA, NASA, ESA, and the Hubble Heritage Team
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04.02.2021, at RAeS Hamburg (on Zoom)
’

.
-

'pqﬁpew\ouxoe “sxfuodé 1L]euju19/\09

, I'ﬂVISIb|e‘ . ‘Q s
dark matter “hal TS

- ¢ - Imfge credit: NASA/STScl

Dr Dida Markovic: Cosmology in Space,



Gravitational Lensing:
Bending Light Paths

04.02.2021, at RAeS Hamburg (on Zoom)

e average shear distortion equivalent to
difference in ellipticity between Earth and
Moon

e VIS imaging allows shape measurements
for 30-40 gals/arcmin?

Dr Dida Markovi¢: Cosmology in Space,

Added ko handout - not Presem&ed i leckture,
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Euclid NlSP-$ /

SLMM£QE LC} M ’ J i) e é,pedroécopic rem.0x1 07 galaxies

04.02.2021, at RAeS Hamburg (on Zoom)
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i | / /&, Seidel, S. Serrano
/ / and OU-SIM keam

Dr Dida Markovi¢: Cosmology in Space,
\
B,




© 2021 California Institute of Technology. Governmept sponsorship acknewledged.

v . A
: * :
.’ .
. /

_—

|

4

w

-
>
'

-

n:el
-

a ’ ‘v. . »
‘ .
C -
o a4
©
R . : e
: X
.. . I
» - . 3
- 3 9 L \
, .
O .
. ® »
> N : ' - . \
; .
. -
N : - .
I -~
| u »

- 7

(woo7 uo) BuinquieH Savyy 18 ‘L2002 20 170 ‘@oedg ul ABojowso) :2InoNIB|N BpIq Id



© 2021 California Institute of ._.mo::o_nwov\. Government sponsorship ackndwledged.
i

)

IR Camera

mﬁ L el

[E
-
LL

|
(woo7 uo) BuinquieH Savyy 18 ‘L2002 20 170 ‘@oedg ul ABojowso) :2InoNIB|N BpIq Id



© 2021 California Institute of Technology. Government sponsorship acknowledged.

Added ko handoulk - nok Preseh&ed in leckure,

Infra-red

id Near-IR Camera

Eucl
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uclid Survey

e wide survey: 15,000 deg? e step-and-stare e Shapes + Photo-z: 1.5x10° galaxies
e deep survey: 40 deg? e 4 dither pointings e Spectroscopic redshifts: 2.6x107 galaxies

04.02.2021, at RAeS Hamburg (on Zoom)

(mission scienkist)

plot from Roberto Scaramella

illustration of dithering
(in reality covers chip gaPs)

Dr Dida Markovi¢: Cosmology in Space,
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04.02.2021, at RAeS Hamburg (on Zoom)

Cosmology in Space,

Dr Dida Markovic

Redshift iIn our expanding universe

Redshift Key:
0<z<0.01
0.01 <z < 0.02
0.02 <z<0.03
0.03 <z<0.04
0.04 <z < 0.05
0.05 <z <0.06
0.06 <z < 0.07
0.07 <z < 0.08
0.08 <z<0.10
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04.02.2021, at RAeS Hamburg (on Zoom)

@ Discoveries unexpected at every step'
P Einstein wanted a static universe
>  we thought we could see all kinds of mat atter -

in the 20th century, deceleration was “:"' B S
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Dr Dida Markovi¢: Cosmology in Space,



